Tissue hypoxia, usually due to ischemia, is the common denominator among most nonhealing wounds.^[@R1]^ Tissue oxygen levels control angiogenesis and the neutrophil function that mitigates infection. Nevertheless, in a review of 1172 randomized controlled trials (RCTs) in wound care, none were directed at improving angiogenesis in ischemic ulcers except those involving hyperbaric oxygen therapy (HBOT) and vascular endothelial growth factor.^[@R2]^ Since 1996, a myriad of advanced therapeutics have become available, but their proven efficacy is limited to superficial ulcers that do not involve tendon or joint capsule and that occur in patients without peripheral arterial disease. Table [1](#T1){ref-type="table"} includes a comparative sample of criteria used for HBOT RCTs on diabetic foot ulcers (DFUs)^[@R3]--[@R17]^ versus criteria used for RCTs evaluating Becaplermin,^[@R9]--[@R12]^ Apligraf,^[@R13]^ Dermagraft,^[@R14]--[@R16]^ and Epifix.^[@R17]^ The HBOT trials were generally comparable in terms of their level of evidence as ranked by the U.S. Agency for Healthcare Research and Quality^[@R18]^ and the U.S. Agency for Health Care Policy and Research,^[@R19]^ but only the HBOT trials included patients with significant comorbidities, Wagner Grade 3 or greater ulcers, and ischemic vascular disease. The superficial ulcers enrolled in cellular product and growth factor trials used epithelialization as the primary outcome, but the more serious ulcers enrolled in HBOT trials measured outcomes such as amputation rate, infection incidence, and/or improvement in transcutaneous oximetry values (TcP[o]{.smallcaps}~2~). Thus, although the HBOT trials are smaller, their results are more generalizable to real-world patients who may need limb-saving intervention. The success of nearly all the advanced therapeutics currently available for treating chronic wounds presupposes the availability of adequate tissue oxygen tensions to support cellular replication. The unique ability of HBOT to induce neovascularization accounts for its persistence in the clinical armamentarium of chronic wound treatments, despite ongoing controversy regarding its cost effectiveness.^[@R1],[@R20],[@R21]^
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A Comparison of Criteria Used in RCTs That Evaluated HBOT versus Other Advanced Therapeutics on DFUs
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HBOT is administered by placing the entire patient into a pressure vessel (chamber), whereupon 100% oxygen is respired at atmospheric pressures ranging from 2 times sea level (202.65 kPa) to approximately 2.4 times that experienced at sea level (243.18 kPa). HBOT has a very low but predictable occurrence of side effects,^[@R22]^ the most common of which is mild to moderate otic barotrauma from pressure-related changes in the gas volume of the middle ear, occurring in up to 10% of patients.^[@R23],[@R24]^ A very rare side effect is central nervous system oxygen toxicity manifested as a grand mal seizure, the incidence of which is variously reported between 1:10,000 and 1:50,000. Chronic obstructive pulmonary disease is a rare, relative contraindication to HBOT, the air trapping from which can predispose to pulmonary overpressurization, pneumothorax, arterial gas embolism, and even death.^[@R23],[@R24]^ Myopia, usually reversible, has been reported in patients undergoing a prolonged course of daily therapy.^[@R25]^ Reduction in blood glucose after HBOT has been reported among patients with diabetes. However, it is not known if this is due to the timing of treatment in relation to medication administration, or some direct physiological effect of HBOT, the mechanism of which has not been elucidated, although increased peripheral insulin sensitivity has been observed.^[@R26]^ We will review data on the efficacy of HBOT, describe how the specialty registry reporting requirements mandated as part of healthcare payment reform can be harnessed to study the comparative effectiveness of HBOT, and propose a new paradigm for the appropriate use of HBOT.

INDICATIONS AND MECHANISM OF ACTION
===================================

The U.S. Food and Drug Administration defers to the Undersea and Hyperbaric Medical Society (UHMS) to establish the list of indications for which HBOT has sufficient evidence to support its use.^[@R23],[@R24],[@R27]^ HBOT chambers are Class II medical devices. The U.S. Food and Drug Administration clears them for marketing and use in 13 indications (Table [2](#T2){ref-type="table"}).^[@R23],[@R24]^
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The 13 Indications for Hyperbaric Oxygen Therapy Approved by the U.S. Food and Drug Administration for Marketing and for Use^23,24^
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Recently, the Department of Defense has funded trials to evaluate the use of HBOT in chronic traumatic brain injury, which thus far is not supported by the evidence.^[@R28]--[@R32]^ Although *acute* ischemic or traumatic injuries seem logical targets for HBOT research, the significant challenges involved in providing HBOT immediately to very sick patients have limited their application to the chronic phase of these conditions, a time frame during which any beneficial effects of HBOT (assuming they exist) are least likely to be identified.^[@R33]^

The use of HBOT in acute air embolism and decompression illness (DCI) takes advantage of the physical compression of gas bubbles, which occurs as atmospheric pressure increases. Thereafter, the diverse list of conditions listed above may benefit from HBOT via a similar underlying mechanism. In 2011, Thom^[@R34]^ authored a detailed, seminal review of the mechanism of action of HBOT and the clinical rationale for its use. For decades, the HBOT mechanism of action was simplistically focused on the amelioration of tissue hypoxia by the physical dissolution of oxygen in the plasma. This is negligible breathing air at sea level, but increases approximately 2 volumes percent with each additional atmosphere of pressure when respiring 100% oxygen. In fact, a landmark study by Boerema et al.^[@R35]^ published in 1960 demonstrated that during HBOT, unanesthetized pigs without circulating hemoglobin (hemoglobin 0.5%) could function comfortably as a result of the significant amount of plasma-dissolved oxygen achieved under hyperbaric conditions. This is the same mechanism by which HBOT has proved life sustaining to patients with exceptional blood loss anemia who refuse transfusion.

In the past 2 decades, Thom,^[@R34]^ Piantadosi and colleagues,^[@R36]--[@R38]^ Zamboni and colleagues,^[@R39],[@R40]^ and others have elucidated the biochemical basis for HBOT, the principal mechanism of which is the controlled generation of reactive oxygen and nitrogen species.^[@R1],[@R34]^ These increases result in higher levels of various growth factors and the activation of growth factor receptors, the mobilization of bone-marrow-derived stem/progenitor cells, an alteration in the function of integrin (resulting in reduced neutrophil adhesion), and changes in monocyte chemokine synthesis, as well as hemoxygenase-1, heat shock proteins, and hypoxia-inducible factor-1 that reduce inflammation. Thus, HBOT helps to resolve the pathologic inflammation and ischemia, which are characteristics of chronic wounds.^[@R1],[@R34]^

CHALLENGES TO RESEARCH
======================

A major criticism of HBOT is the lack of a sufficient number of large, related RCTs. However, the optimal way to design an RCT of HBOT remains in dispute.^[@R23],[@R24]^ Evidence suggests that patients perceive simply going into the chamber to have a salutary effect.^[@R28],[@R41],[@R42]^ To control for this, sham treatments have been successfully devised creating the illusion of the HBOT experience by compressing the chamber only enough to produce the sensation of pressure on the tympanic membranes.^[@R24]^ Another approach has been to compress the chamber to the actual treatment pressure but allowing the control subjects to breathe air (21% oxygen, 21.33 kPa) rather than 100% oxygen. However, since the partial pressure of oxygen (P[o]{.smallcaps}~2~) increases as atmospheric pressure increases, at a total pressure of 202.65 kPa, the P[o]{.smallcaps}~2~ is 42.66 kPa, equivalent to respiring 42% oxygen at sea level. Data suggest a possible therapeutic effect of oxygen even at this low dose, possibly confounding study results.^[@R24]^ More problematic, control subjects are now breathing compressed nitrogen. Depending on the atmospheric pressure and duration of the exposure, they will dissolve this inert gas into their tissues and be exposed to the risk of DCI after exiting the chamber. The study of Löndahl et al.^[@R8]^ provides compelling evidence for the efficacy of HBOT in DFUs. However, in this RCT, control subjects respired air at 243.18 kPa for a total of 95 minutes. This exposure was in excess of the "no decompression limit" for most sport diving tables. There was no discussion in the paper regarding the possible risk of DCI to the controls, and it is not clear whether DCI could have been the reason that a control subject was hospitalized for 24 hours after "temporarily losing consciousness after a treatment session."^[@R8],[@R24]^

Although the laws of physics have been a major challenge to HBOT research, the greatest obstacle has been the lack of adequate funding.^[@R23],[@R24]^ Most approved conditions garner little funding for clinical research and often have few alternative treatments with even as much evidence of benefit as HBOT. Furthermore, should HBOT fail, the next step may be, for example, limb amputation (in the case of an ischemic DFU) or cystectomy (in the case of refractory radiation-induced hemorrhagic cystitis). Consequently, a new paradigm for comparative effectiveness research and appropriate utilization is required.

EVIDENCE
========

The UHMS regularly publishes a summary of the current evidence,^[@R43]^ and several excellent systematic reviews have been published.^[@R44],[@R45]^ For example, the Wounds Group of the Cochrane Collaboration performed a systematic review of HBOT for chronic wounds.^[@R44]^ Ten of the 12 RCTs reviewed were DFU studies. Pooled data from 5 trials with 205 participants showed an increase in the rate of ulcer healing with HBOT at 6 weeks, although the benefit was not evident at 1 year (risk ratio: 2.35; 95% confidence interval \[CI\]: 1.19--4.62; *P* = 0.01). Huang et al.^[@R45]^ performed the most exhaustive HBOT systematic review to develop the UHMS clinical practice guidelines for the diabetic foot, analyzing 9 RCTs and more than 20 observational studies using the GRADE criteria. There is moderate level evidence that HBOT is beneficial in preventing amputation and promoting complete healing in patients with Wagner Grade 3 or greater DFUs, who have undergone a surgical debridement or have shown no significant improvement after 30 or more days of conservative care. There is inadequate evidence to justify HBOT in Wagner Grade 2 or lower DFUs.^[@R45]^ These conclusions align with the Centers for Medicare and Medicaid Services (CMS) National Coverage Determination for DFUs, which specifies that HBOT coverage is limited to Wagner Grade 3 ulcers that have failed to respond to 30 days of standard wound care.^[@R46]^

Although several well-conducted, albeit small, prospective trials have demonstrated the efficacy of HBOT in DFUs, the effectiveness of HBOT could not be demonstrated in a recent large retrospective analysis.^[@R47]^ Margolis et al.^[@R48]^ studied 6259 individuals with DFUs using data obtained from a wound center management company database. Using propensity score--adjusted models, patients undergoing HBOT were less likely to heal a DFU (hazard ratio: 0.68; 95% CI: 0.63--0.73) and more likely to have an amputation (2.37 \[1.84--3.04\]). While the authors stated that the patient cohorts in this study were defined by the CMS eligibility criteria for HBOT, the preponderance of patients in the analysis had Wagner Grade 2 ulcers, lesions for which the data do not suggest that HBOT is useful and which are also excluded from Medicare coverage.^[@R46],[@R47]^ Given that the providers failed to ensure that patients met the most basic requirement for HBOT of a Wagner Grade 3 DFU, it is doubtful that all the requirements of conservative care before HBOT were provided. This dataset also did not distinguish "major" amputations (e.g., below or above the knee) from "minor" amputations (e.g., toe or partial foot). Without this vital information, patients whose ambulation was preserved with a partial foot or toe amputation were still considered hyperbaric failures. If all were major amputations that occurred despite HBOT, then this expensive therapy was wasted because it was futile. Additionally, the HBOT provided to a majority of patients at 83 wound centers in 31 states was actually unnecessary (and thus inappropriate) since these Wagner Grade 2 ulcers could have been managed via less costly methods.^[@R47]^

THE APPROPRIATE USE OF HBOT
===========================

HBOT is ineffective when it is provided to patients who could heal without it (inappropriate), when it is provided to patients who cannot be helped (wasted), or when more treatments are provided than are needed to achieve the desired benefit (excessive). Medicare has laudably sought to prevent or reduce unnecessary treatments by requiring that HBOT be reserved for patients who exhibit "no measurable signs of healing for 30 days."^[@R46]^ Wound healing *trajectory* based on surface area measurement over 4 weeks can be used to identify ulcers unlikely to heal.^[@R49]^ Since some decrease in SA may occur in wounds still destined to fail, limiting HBOT to wounds exhibiting absolutely no evidence of healing is overly restrictive and likely prevents some appropriate use. A more accurate method to predict the likelihood of healing is via mathematical modeling, which can be performed on the first visit. The Wound Healing Index (WHI) is a suite of mathematical models for 7 different wound types that combine patient and wound variables.^[@R50]^ A predictive model specific to DFUs has been validated, which, using the data available on the first visit (C-statistic \>0.65, Fig. [1](#F1){ref-type="fig"}), can predict the likelihood that the DFU will heal with conservative care alone.^[@R51]^ It is not known whether payers will support the use of models to select the patients most in need of advanced therapeutic interventions. However, doing so would allow interventions like HBOT to be employed earlier, at a time when they are more likely to be of benefit, and without the added expense of 4 weeks of care that could have been predicted to fail.

![Choosing Wisely for HBOT in DFUs: a mathematical paradigm.^[@R50],[@R51],[@R53],[@R54]^ TcP[o]{.smallcaps}~2~ = transcutaneous oximetry measurement; R^2^ is the coefficient of determination, a statistical measure of how close data are to the fitted regression line. R^2^ is always between 0% and 100%, whereby 0% indicates that the model explains none of the variability of the data around its mean, and 100% indicates that the model explains all such variability. A very low R^2^ is not desirable in models that might be used to influence clinical decisions regarding the use of a medical intervention. However, even in this model with a relatively low R^2^ but statistically significant predictors, it is still possible to understand how changes in the predictor values are associated with the changes in the likelihood of benefit from HBOT; C-statistic is the probability that predicting the outcome is better than chance. C-statistic is used to compare the goodness of fit of logistic regression models. Values for this measure range from 0.5 to 1.0, whereby a value of 0.5 indicates that the model is no better than chance at making a prediction, and a value of 1.0 indicates that the model is perfect at identifying the desired outcome. Models are typically considered reasonable when the C-statistic is higher than 0.7 and strong when C exceeds 0.8. Therefore, a C-statistic \>0.65 for this model predicting the benefit of HBOT is better than chance, but is not a strong model.](prs-138-107s-g003){#F1}

How can we reduce wasted HBOT? The single best predictor of benefit from HBOT in DFUs is the TcP[o]{.smallcaps}~2~ obtained while the patient is undergoing an HBOT treatment.^[@R52]^ In-chamber TcP[o]{.smallcaps}~2~ alone is 74% accurate at predicting benefit from HBOT in DFUs.^[@R53]^ In a large retrospective study, when the in-chamber TcP[o]{.smallcaps}~2~ was \>200 mm Hg, 84% of DFUs benefited; when it was \<100 mm Hg, only 14% benefitted.^[@R54]^ Figure [2](#F2){ref-type="fig"} shows the failure rates at different TcP[o]{.smallcaps}~2~ levels.^[@R54]^ Ninety-percent of DFUs failed when the TcP[o]{.smallcaps}~2~ was \<100 mm Hg, whereas 35.7% of wounds failed at 101 to 200 mm Hg and 301 to 400 mm Hg, and 18.2% failed at \>1000 mm Hg (Fig. [2](#F2){ref-type="fig"}). Predicting the response to HBOT can be improved with mathematical modeling. A relatively simple model available since 2007 uses baseline TcP[o]{.smallcaps}~2~, pack-year smoking history, Wagner Grade, patient age, and the number of years of diabetes to predict the approximate number of HBOT treatments needed to achieve benefit (R^2^ = 22.8%).^[@R54]^ The model, which does not require an in-chamber TcP[o]{.smallcaps}~2~, has the advantage that the patient does not have to undergo a hyperbaric treatment to determine their likely benefit from HBOT. The same study suggested that for DFUs, there is no incremental benefit after 40 hyperbaric treatments (Fig. [3](#F3){ref-type="fig"}). Thus, if the model predicts that more than 40 treatments will be necessary to achieve a positive outcome, HBOT may not be a realistic treatment option. However, if the in-chamber TcP[o]{.smallcaps}~2~ is \>200 mm Hg and the predictive model suggests that between 15 and 40 treatments will be required, there is a reasonable likelihood of benefit from HBOT for a DFU.

![In-chamber failure rates vs P~tc~[o]{.smallcaps}~2~ achievement. Data from 221 patients with DFUs.^[@R53]^ This figure demonstrates that for P~tc~[o]{.smallcaps}~2~ levels ≤100, the failure rate was 90.0%; for P~tc~[o]{.smallcaps}~2~ levels of 101--200 and for 301--400, the failure rate was 35.7%; for P~tc~[o]{.smallcaps}~2~ levels \>1000, the failure rate was 18.2%.](prs-138-107s-g004){#F2}

![This figure depicts the expected outcome trajectory of a hypothetical patient with the following patient characteristics: age = 60 yr; diabetes = 15 yr; Wagner Grade = 3; P~tc~[o]{.smallcaps}~2~ (air) = 15 mm Hg; nonsmoker.^[@R53]^ Some improvement in the wound should be visible after 12 hyperbaric treatments, but approximately 35--40 treatments will likely be required to achieve healing. The curve demonstrates that there is little incremental benefit from additional treatments after 40. The clinical use of predictive models like this would require significant provider education to ensure that they are not interpreted as literal recommendations. For example, if the model predicted that 200 treatments would be necessary to achieve improvement, the clinician should understand that benefit from HBOT is not likely to be achieved within a clinically reasonable course of treatment. Conversely, if the model were to predict, for example, that a patient will require fewer than 10 treatments to heal, it is likely that the patient does not need any hyperbaric treatments at all.](prs-138-107s-g005){#F3}

Figure [1](#F1){ref-type="fig"} incorporates these mathematical predictive models into a new paradigm to guide the care provider's decision making processes on the use of HBOT for a DFU compared with current Medicare coverage policy. Currently, clinicians implement conservative care and wait 30 days, after which only patients who have no evidence of healing are HBOT candidates. Some patients who need HBOT may then be excluded because they had small reductions in surface area. This approach also delays HBOT for all who need it. After initiation of HBOT, reassessment is performed in 30 days to evaluate benefit, allowing some patients to undergo a potentially futile course of HBOT. An alternative is to perform the DFU WHI on the first visit to identify ulcers unlikely to heal with conservative care, after which either an in-chamber TcP[o]{.smallcaps}~2~ can be performed or the HBOT predictive model can be employed to determine whether benefit can be expected within a reasonable number of treatments. Biochemical markers might identify when the benefit of HBOT has been achieved even before visible signs of healing, facilitating shorter treatment courses.^[@R55],[@R56]^ This stepwise approach would enable the clinician to decrease the inappropriate use of HBOT by accurately predicting which DFUs will fail to heal spontaneously and then predicting whether HBOT is likely to be of benefit in those, thus reducing wasted resources.^[@R50],[@R54]^ The WHI model was created using more than 106,272 wounds, while the HBOT model was based on 971 patients. The WHI underwent validation with a holdout sample at the time it was developed. The HBOT model has had no validation because, for most of the decade since its development, there was no impetus for the creation of such models and there were many practical barriers limiting their use. Since the advent of point of care, electronic health records (EHRs) capable of automating probabilistic model calculations, the patient's likelihood of healing and estimated benefit from HBOT can be made immediately available to the clinician, removing barriers to practical utilization. However, clinicians need guidance if they are to translate predictions into actionable clinical decisions (Fig. [3](#F3){ref-type="fig"}).^[@R57]^

Real-world data can be used to elucidate the impact of missed treatments and perhaps the ideal treatment pressure for various conditions. For example, a large retrospective analysis of DFUs treated with HBOT suggested that there was no difference in outcome among DFUs treated at 202.65 kPa versus 243.18 kPa.^[@R53]^ Although patients treated at the higher treatment pressure were more likely to achieve very high in-chamber TcP[o]{.smallcaps}~2~, it appears that no incremental benefit is achieved after an in-chamber TcP[o]{.smallcaps}~2~ of 200 mm Hg is reached. As we make the transition from volume-based reimbursement to a value-based healthcare system, providers will be motivated to determine the *least* number of treatments that can improve outcome. Real-world data can be used to evaluate the incremental benefit of treatments as well as the impact of various disease states or health practices (e.g., smoking) on likelihood of benefit from HBOT.^[@R58]^

The urgent need for national data to evaluate the cost effectiveness of HBOT may be achievable by leveraging the Meaningful Use requirement for clinicians to submit data to a specialty registry. The Hyperbaric Oxygen Therapy Registry (HBOTR) is cosponsored by the UHMS, under the aegis of the US Wound Registry (USWR).^[@R59]^ Any certified EHR can satisfy the Meaningful Use registry reporting requirement by automatically transmitting patient Continuity of Care Documents (CCDs) to the HBOTR. CCDs provide detailed, structured data on patients, without the need for any laborious secondary data entry, transmitting all ICD-10 diagnosis codes, procedures, medications, laboratory results, and demographics as part of current interoperability requirements. Unfortunately, CCDs do not provide any information on wound *outcome*, which is necessary if data are to be used for effectiveness research. Therefore, we have linked the collection of outcome data to the reporting of clinical quality measures (QMs). The USWR is a qualified clinical data registry, which has developed hyperbaric oxygen and wound care QMs in collaboration with the UHMS that eligible providers can report to satisfy participation in the Physician Quality Reporting System^[@R60]^ and for Maintenance of Certification in hyperbaric medicine. Participating in QM reporting can improve HBOT effectiveness and adherence to Medicare coverage policy by ensuring compliance with clinical practice guidelines such as DFU offloading, vascular screening, and hemoglobin A1c control. Several individual QMs have been combined to create a larger measure focused on the "Appropriate Use of Hyperbaric Oxygen Therapy for Patients with Diabetic Foot Ulcers,"^[@R60]^ which, like all the USWR measures, is available as an electronic clinical QM that can be downloaded free of charge and installed into any certified EHR, enabling data transmission to the registry via a quality reporting data file. In this way, clinicians who are participating in Physician Quality Reporting System will also be reporting standardized datasets to the HBOTR, which include the outcome of the wounds treated with HBOT.

The soon to be implemented Merit-Based Incentive Payment System^[@R61]^ is intended to incentivize specialty registry data submission and QM reporting, particularly appropriate use and outcome measures. The Appropriate use of HBOT in the Diabetic Foot QM mirrors most of the requirements of the HBOT "prior authorization" program for DFUs, illustrating the way in which EHRs can also be leveraged to automate many auditing functions in a far more efficient and less costly way than human reviewers can achieve. The outcome measure for DFUs treated with HBOT is risk stratified by the WHI, making it possible to create matched cohorts of patients who did and did not undergo HBOT, thus facilitating comparative effectiveness studies from real-world data. Currently, over 2000 clinicians report data to the HBOTR, which contains approximately 25,539 hyperbaric patients. It is not clear whether the impetus provided by Merit-Based Incentive Payment System will be sufficient motivation to expand participation in HBOTR in the absence of any additional CMS requirements or incentives. However, it is hoped that HBOTR will facilitate much needed comparative effectiveness research and more reliable predictive models to establish the optimal role of HBOT in an era of limited resources.

CONCLUSIONS
===========

Among advanced therapeutic interventions for wounds, HBOT has the unique ability to ameliorate tissue hypoxia, reduce pathologic inflammation, and mitigate ischemia reperfusion injury. Most conditions for which it is utilized have few successful alternative treatments, and the morbidity and mortality associated with treatment failure are significant. Although numerous small RCTs provide compelling support for HBOT, the physics of the hyperbaric environment create significant barriers to trial design. The infrastructure created to satisfy mandatory quality and registry reporting requirements as part of healthcare reform can be harnessed to facilitate the acquisition of real-world data for HBOT comparative effectiveness studies, with matched cohorts made possible by the WHI. Predictive models already exist that may be useful in selecting the patients most likely to need HBOT and most likely to benefit from it. Although it is not clear whether patients, payers, or clinicians will support the allocation of healthcare resources by mathematical models, a better paradigm for the appropriate use of HBOT is needed.
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